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FOREWORD 

i his docttmenl extendl ttl« mvcstii:;ition of Km' multiUilH- suppressor pcrt'onnance' and 
Mippu-ssoi ejector mlerjetion effects- to ineliule the eKects of low forward velocity on 
the performance Of thete exhaust systems. The noise suppression characteristics of the same 
hardware are presented m reference 3. lite work was accomplished under Task III of the 
DOT SSI I oi'im-On leclmoloyy I'liase II ( ontract Numher DOTFA7:WA-2893. 
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SYMBOLS AND ABBREVIATIONS 

Geometric How area (in square inches) of primary noz/Ie, measureil at 
70ol- 

Suppressor base area in stjuare inches:   Aj,(AR !) 

Effective suppressor exit area; Cg ' Ap 

Geometric How area of the no/zle including temperature ituluced area 
growth 

Minimum annular area between tlie ejector lip and the exits of tiie outer 
row lubes 

Measured area, in square inches, between the tubes in tiie outer row ot 
a suppressor 

Total ventilation aiea.  Ag + the calculated area between plumes of the 
jets in the outer row of a suppressor 

Homulary layer 

Discharge coelticient, accounting for temperature induced no/./Ie area 
growth, calculated as follows: 

Wi» 

iiau . PK . i>   .    —üLL (nrfh . |.R-«7+ I/T))   
l'2 

^I'M    ' ^    'amh     K(7 - 1 )    ^ ' 

N/ hi» 

t 

Cf 

( R 

For this equetion, if 

Skin friction cocftici'.-nl 

7/7- I 
let       I'R ■(KL) 7/7 - I 

(iross thrust coetlicient (measured suppressor and ejector thrust-drag) 
dii Vll'0) 

Close-packed   An arrangement of tubes with approximately the same 
distance between any two adjacent tubes 

( rossover velocity    The forward velocity above which a suppiessor/ejector configuration 
has a Miiallcr ('|   than the same suppressor would have without an 
ejector g 

Vint Nozzle internal velocity coefficient 

x\ r'RECSDINJ PAZ& UUflK-NTT fQMBD 



SYMBOLS AND ABBRI VIATIONS   Continued 

1),!, Afterbody drag: sum of tin- hasc-platc and ramp drags 

Dg or Dfeggg Bwephltc drag in poumls. calculated from static pressure measurements 
taken at area-weighted taps on the baseplate 

1)^ I ll> Baseplate drag expressed as a percentage of ideal thrust 

D^. I lie exit diameter, in inches, of I single round convergent no//.le with 
area etjiial to tlie total effective Mow area of I multituhe no/zlc 

D,^,,,., Drag in pounds calculated on the no/./,le ramp using static pressure 
measured at area-weighted taps 

I AK l.jector area ratio:  geometric area at ejector throat divided by Ap 

! liective I AK dcometric area of the ejector divided by (Cij • Ap) 

III) l'i-al thrust in pounds; measured primary mass How rate multiplied by 
the ideal, fully expanded velocity in VIP 

Ltpsc Rate Rate of decrease in gross thrust coefficient with increasing velocity 
calculated using the values at the desired end points 

(V  <" V, -Q  (" V, 
'§       *        g       * 

Lj^ * Axial distance in inches between ejector throat and exit 

Ljj Axial distance in inches from ejector hiiite to ejector throat 

I | Ijector length:  distance in inches from the flightlip hiiite to the ejector 
exit measured with zero setba.k 

I |   d ijector length divided by individual tube diameter 

I 11' The absolute value of the lip suction force calculated from area-weighted 
static pressure on the lip 

I II' III) The absolute value of tiie lip force expressed a.> a percentage of ideal 
thrust (1 ID) 

Lj Tube length measured on the outside of the tube:  distance in inches 
from tube exit to the baseplate 

lii Measured mass How rate:  WP/g 

N Totti number of lubes in a suppressor 
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SYMBOLS AND ABHRI VIATIONS-Continued 

NAR Honk area ratio: area inside a circle circumscribed around the outside 
of the outermost tuhes (where they meet hasepiate), divided by Ap 

Area msuie a circle tangent to the outside of the outer row jets, at the 
exit plane, divided by the effective How area (CQ • Ap) 

I'jmh Ambient pressure 

''H riK" iW«!« static pressure in I'SIA obtained at area weighted taps on the 
no/zle hasepiate 

PR 

psig 

No/./le pressure ratio:  IV   /P. ^u 

Gauge pressure:  pounds per square inch of pressure above atmosphere 

''IQ
0

' ''l P 1IK
' 

cl>ar^1^ fnt''l pressure, i.e., total pressure PSIA at a station upstream 
ot the tuhe entrances 

(l Dynamie pressure = 1/2 pV^ 

R Radius In inches of the inlet to a tube 

K.uiial Array An arrangement of lubes in radial lines to maximize ventilation 

R« Reynolds number 

© 
Kej Radius Irom the ejector centerline to the throat, in inches 

Kp Radius from the no//le centerline to UM outside of the outer tuhes, in 
inches 

KH Radius in indies from ejector centerline to the flightlip hilite 

Kii) Radius in inches from the no/zle centerline to the outside of a C'D ■ I jet 
issuing from the suppressor measured at the nozzle exit plane (see fig. 7) 

Ro Radius in inches from the centerline to the outermost portion of ejector 

R^ Round convergent reference nozzle with 10° internal half-angle 

SttfeiCk A method of altering the secondary air inlet area of a tlxed ejector 
suppressor geometry by repositioning the ejector along the centerline 
of the suppressor/ejector system. Positive setback is measured as the 
axial distance from the suppressor exit plane to the flightlip hilite of the 
ejector. 
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SYMBOLS AND ABBRI IVATIONS   Continued 

SB/I)et(. The ümount ol setliack nondinicnsionali/cd by the equivalent diameter 
of a jet having the same effective flow area as the total flow of the given 
configuration 

Tj. T| Average total temperature of the primary flow (lahrenheit unless 
otherwise noted) 

VIP, Vli* Ideal primary jet velocity expandeil to amhient pressure. 

J2gR(-JLr)T1T [l - (PR^^-D/Tyjl 1/2 

VQ,, Forward velocity in knots 

WA Measured weight How rate of air in pounds/second 

WP Measured weight flow rate of fuel and air in pounds/second 

a Internal half-angle of the round convergent portion of the tube in degrees 

7 Ratio of specific heats 
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!.() SUMMARY 

II   INTROmimON 

t 

c 

,K'i nooe suppicssion. i mqjor problem in the developnienl ofsupenonic transports, luis 
experienced a substantial technology change since the termination of the U.S. SST program. 
Particular emphasis has been plaeeil on the noise generated by the high pressure ratio lei 
exhaust How.  A critical factor in the development ot jet noise suppression devices for ex- 
haust nozzle systems is the maintenance of acceptable levels of thrust performance over the 
ilight regime.   Application to advanced supersonic anuaii uemands thai the suppressor 
cause htlle or no performance loss at cruise conditions. This constraint generally means 
that the suppressor must be retracted oui oiihe jet stream at other than takeoff and ap- 
proach flight modes, and this in turn severely limits the range ot suppressor hardware n:ir:im- 
eters that can be considered tor practical configurations. 

This document   presents a portion of the DOT-sponsored program to advance technology 
and establish a performance design capability within mechanical constraints and acoustic 
criteria for now noise multitube suppressor exhaust systems.  The investiuation extends 
the study of bare multitube suppressor performance (ref. I ) and suppressor/ejector inter- 
action effects (ref. 2) to include the effects of low l\"-   ud velocity on the performance of 
these exhaust systems.  Noise suppression characteris       are presented on reference 3.   For 
suppressor/ejector nozzles, the level of performance is largely a result of the tradeoff be- 
tween ejector lip suction and nozzle base drag.  As the system is subjected to forward veloc- 
ity R run dras penalty produces a deaca«! in Up suction that is proportional to the amount 
of secondary air handled.  Thus, to maximize the usefulness of the system over a range of 
velocities, the present study examines the mechanisms available to allow high static per- 
formance and minimize the performance lapse rale while also maintaining the noise suppres- 
sion and installation constraints. 

Results are presented from a systematic, model-scale experimental program which investi- 
gated the effects of six suppressor and three ejector parameters over a range of velocities 
from 0 to I 67 kn and pressure ratios from 2 to 4. 

1.2 RESULTS 

The analysis ol the experimental work includes discussion of the dependence of pressure 
ratio effects on velocity as well as an individual treatment of each of the geometric vari- 
ables.  A summary plot of Performance as a function of pressure ratio and velocity is pre- 
sented for each configuration tested.  High static performance and minimum lapse rates 
are shown to be compatible through the proper selection of suppressor/ejector geometry 
and ejector inlet area. 

e 
1.3 SUMMARY Ol  l INDINGS 

 i. i 
in inn   l.lll'v I Over the range of variables investigated, variations in geometry produce 

changes m the level of performance than in the rate of change of performance with velocity. 
An e\ unple of this is shown on figure I for various bare suppressor nozzles. To minimize 
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Figure 1.   Effect of Velocity on the Performance of Suppressors Wiifiuui Ejectors 
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Buppreraor drag, the me of a rai.li;il tube placemenl and etliptfcal convergent tube* is recom- 
mended, I lie niunhei ol tuhes should he held ;)t (he mininiuir consistent with suppression 
requirements. 

Large area ratio ejectors, wlnle producing large static thrust augmentation, also have large 
lapse rales. The choice ot e;ector area ratio should include consideration of the perlorm- 

ance over the desired range of velocities. 

I he maximum overall performance during takeolTis provided hy conrigurations which mini- 

mize the afterbody drag through the appropriate selection ol'suppressor variahles and ef- 
fective ejector inlet area. 

• 

Figure 2 shows an example of the performance of a suppressor with and without an ejector. 
I he ejector case has higher static perfwrmance and greater lapse rate, producing a crossover 

velocity beyond which the ejector heewmes a performance handicap. 

^ I he best perlormaiKV results are obtained when the ejector length is on the order ol 1 2 to 

15 iiulividual jet diameters tor ejector area ratio < 3.7 and EAR/NAR < 1.3.   Increased 
ejector length should he considered it either the ejector area ratio or the EAR/NAR ratio 
is greater than these values. 

The majoiil\ of the secondary air entering the ejector appears to pass through the annular 
area between the ejector lip and the outer row tubes.  Only a small percentage of the flow 
passes between the tuhes into the recirculation region.  The annular area (and hence the 

majority of the effective inlet area) is established In the EAR/NAR ratio and the ejector 
setback. 

t 
Ejector inlet area plays a major role in determining the tradeoIT between lip suction ami 

base drag.  An optimum ejector inlet area exists for each operating condition (jet tempera- 
lure, pressure ratio, and treeslieam velocity) as illustrated in ligure 3, 

I ,iiei  performance losses are observed as the area is decreased from the optimum.   In the 

linnl. the secondary air chokes at the ejector, producing shock-induced How instabilities 

and elector vibration.  Increases in ejector inlet areas beyond the optimum cause relatively 
small performance losses tor the range lesteu. 

I \ pica! Performance trends for a multitube bare nozzle are shown in ligure 4. 

At any fixed velocity, afterbody drag is a decreasing percentage of ideal primary thrust as 

pressure ratio increases.  For a fixed pressure ratio, the base drag increases linearly with 

velocity, and the ramp drag increases in proportion to velocity squared. 

Maximum static performance occurs between pressure ratio 2.5 and .VU.  I.apse rate, 

jACtjjl<u AV^, decreases as pressure ratio increases   1 bus. the peak performance decreases 
and slulls to a higher pressure ratio as velocity increases. For a constant pressure ratio 
and nozzle area ratio, the level of performance varies strongly with geometry but the lapse 
rate is nearly constant. 

o 
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Figure 2.-Comparison of Performance and Lapse Rate and Crossover Velocity for 
37-Tube, NAR-3.3 Close-Packed Array. Bare and With EAR 3.7 Ejector 
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Figure 4—General Behavior of Bare Suppressor Performance 
as a Function of Pressure Ratio and Velocity 

Typical trends tor suppressor/ejector nozzles were studied. Over the range of pressure ratios 
investigated (2   4). the maximum static performance was found to occur at or near pressure 
ratio = 2.1 he lapse rate, while still decreasing witn increasing pressure ratio, is much 
larger with ejectors than for similar hare suppressor cases. Thus, as the velocity increases 
(relative to a hare suppressor), the rate of performance decrease is greater and the pressure 
t«tio at which the peak performance occurs moves to a higher value for the ejector case. 

Both lip suction and hase drag become decre   ' ■', percentages of ideal thrust as either 
pressure ratio or velocity increases. The lip suction is more strongly dependent on pressure 
ratio than is hase drag. 

The geometric suppressor parameters of tube number, tube shape, length, and array greatly 
affect static performance but do not contribute substantially to the rate of change in per- 
formance due to forward velocity. 

Typically, static performance decreases as temperatures increase because of decreased sec- 
ondary air handling. The reduced air handling results in lower ram drag penalty and thus, 
lower lapse rate with forward velocity. 

For the type of suppressor/ejector system investigated, an ejector area ratio of approxi- 
mately 3.1 and HAR/NAR of 1.2 are recommended as providing the best performance 
tradeoffs.  Very little setback would he needed for such a configuration, and the setback 
could be used to "fine tune" the system over the range of velocity. 
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2.0  INTRODUrriON 

Aircraft designed For utpenonk anise require engines with a high thrust-to-frontal-area 
rat.o and high exhaust jet velocities. Ncso suppression is essential during takeoff initial 
climb-out, and landing   The noise associated with the high velocity jet can be reduced 
substantjally by placing hardware int.. the primary exhaust flow to break the fet into small 
elements.  However, the extreme sensitivity of the supersonic aircralt mission to nOEZle 
performance during supersonic cruise dictates that the suppressor hardware with its in- 
herent thrust loss, be retracted Irom the fef during cruise. SST technology (ref 4) demon- 
strated high suppression values for multiluhe suppressor nozzles that could he stowed 
into the divergent portion of a high-performance con-di noz/le during transonic ac deration 
and supersonic cruise dig. 5). At low speeds the divergent portion of the cruise nozzle could 
be moved ouiward to form a nearh constant area elector, 

Bj providing an inlet lor ambient (secondary) air to be accelerated into the ejector by the 
entramment ol the high   elocity primary jets, a static pressure reduction is created which 
produces a thrust force on the ejector lip.  The amount of air entrained by the primary is 
a function ol the ejector area and length, among other things.  On the order of twelve indi- 
vidual let diameters are required to provide sufficient mixing length to entrain the maximum 
amount ol secondary air and obtain maximum ejector lip suction. The use of a multitube 
suppressor makes the required ejector length feasible from an installation and weight point 
ol view. 

The static pressure reduction at the ejector inlet also produces an increase m the afterbody 
drag on the suppressor noz/le.  References 1 and 2 demonstrate that the overall suppressor/ 
ejector performance is strongly influenced by the lower-than-a.nbient pressure acting on 
the base area between the tubes. The amount of base drag is a function of both the venti- 
lation prov.ded by the suppressor geometry and the static pressure reduction due to the 
secondary air inlet velocity. 

Provided the inlet area is large enough, the net effect of the partially counteracting ejector 
Up suction and suppressor afterbody drag is a stat.   p-lormance augmentation due to the 
secondary air handled by the ejector, (liven sufficient ejector length, the amount of second- 
ary an handled   and hence the static performance   continues to increase with increasing 
ejector area ratio. 

O 

As the ejector/suppressor is subjected to forward velocity, a ram drag performance penalty 
must be paid tor the secondary air. This penalty, though a real component of the momen- 
tum equation, is manifested as a reduction in lip suction with forward velocity The larger 
the amount ol secondary air handled statically. !he greater the decrease in lip suction with 
velocity. I nus, to properly evaluate the performance of a suppressor/ejector system maxi- 
mi/mg the tfatic perlormance is not sufficient to produce the best exhaust system to. take- 
ol and climh-oui. 

() 
I he present investigation described and (|uantilies the mechanisms available to allow high 
iltatic perlormance and minimi/e the rate of decrease in performance with increasing velocity 
(lapse rate) while maintaining the noise suppression and installation constraints. 

mmnmuM 



^^ ■^r 

I 
1/5 

■ 

I» 
n to 

1 
C 
2 5 

I 
I I 
o 

s e I 
I 
I 
.05 

i 

---*-|        i   wm^tmm 



la.i'iii1 ih i'   i  'i Tiiirmiril iiiml»'» 

v 

0 

Mode! scale testing was conducted on 28 related suppressor/ejector nozzles at velocities 
from 0 to 1 67 kn and pressure ratios from 2 to 4.  Families of suppressors were tested with 
1() to dl tubes.  For most configurations, tuhe length was maintained at a length compatible 
with the slowable tube concept. The investigation concentrated on elliptical convergent 
tubes to maximize baseplate ventilation while maintaining high internal performance.  For 
comparison, sample configurations were tested with round convergent tubes. Three ramp 
shapes were used, and both close-packed and radial tube arrays were incorporated.   The 
nozzle area ratios, NAR ■ 2.75-3.3, were partially dictated by airplane installation re- 
quirements and partially by the optimums suggested in reference 1. ( onfiguration- 
oiiented inlet losses due to ejector mounting struts were avoided by mounting the ejector 
independently, but on balance, on a separate support.  Fach ejector tested had a constant 
internal area and a 2 : 1 elliptical flight lip. The ejector area ratios investigated were 2.6, 
3.1, and 3.7. The largest area ratio was substantially larger than is considered practical 
for SST application but was used to demonstrate the effect of area ratio on performance 
and lapse rate. 

The report will summarize the experimental results for all configurations tested on plots 
of performance as a function of pressure ratio and velocity. The dependence of forward 
velocity effects on pressure ratio will be analyzed. The importance of each of the suppres- 
sor and ejector geometric parameters will be discussed separately. Crossover velocities and 
the behavior of restricted inlets will be presented along with a qualitütive inlet flow model. 
Finally, some trends will be presented for the effectsof primary jet temperature on sup- 
pressor/ejector surface forces. 
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3.0 PARAMETERS AND DEFINITIONS 

.U   KANGI 01  VARIABLES 

VI i    HOW VARIABLES 

•      Pressure ratio: 2  4 

• Primary temperature ambient and 1 ISO0? 

• Velocity (V'^i 0-167 kn (0-283 ft/sec) 

3.1.2    SUPPKI SSOR AND EJECTOR VARIABLES 

I hu suppressor variables ami constraints lor this investigation arc the same as those discussed 
in detail in reference I.  The suppressor area ratios were limited to 2.75 and 3.3 as a result of 
the performance optimum discovered in reference 1 and in order to he compatible with 
supersonic transport constraints.  Figure 6 shows the suppressor and ejector variables. 

Q 

0 v-     (g 'I A ■        4 t 

(D 
!2 

Close packed array Radial array 

I. 

o 

Sufjpressor Variables 

1 Tub« numbei.   19 61 

2 Ai. , rat»;  2.75 and 3.3 

(71 Hjy'goometnc flow exit area) 

Fuh.' an ay.   close-packed and radial 

Tube slupc.   round convergent and elliptical 

3 

4 

5 

6 

convergent (both converging to round exits) 

Ramp shape:  ellip„cal, circular arc and contoured 

Tnhc length:   Lj/D        0.50   0.75" 

'Deq    4 in 'h'oughout experimental work 

Ejecto- Variables 

7      Setback:   (SB/D 
I'M 

0-0.25) 

8 Ejector area ratio: 2.6-3.7 

9 Ejector length:   Lr/D     ;: 2 - 6 t    ec) 

Figurn 6.-~Sc•opressor/Ejector—Schematic 
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3.2 (ONSTRAINTS 

3.2.1   SI I'PRI SSOK CONSTRAINTS 

• rotal ctioct.vc exit arc.   13.2 in2 (geometric exit area * I3.(, in2 for convergent 
tubN, or approximately I/IÜ scale SST) 

• ApproMinately 0.5 internal Mach number lor convergent tuhes 

• (opi.inur tul>c exits 

• Mat hascplate (eveept contoured ramp contiguration) 

• All tulvs w.tlun an array the same (e.g., a 37-tube array has 37 tubes, each with 0 36 
in- ol cllcctivc Mow area) 

• Outside nacelle diankter held constant (8.89 in. to be representative of a scale SST 
nacelle) 

3.2.2  KJFCTOR CONSTRAINTS 

• 8 m long. Lfi/Daq ■ 2.0 (unless otherwise stated) 

• I ligiitlip profile constant (2:1 ellipse) 

• 1 jector thickness approximately constant 

• No suppressor/ejector mounting struts (i.e.. no inlet losses due to installation) 

• Constant internal area (constant geometric mixing area) 

• lor a g.ven setback, axial distance from tube exit plane to the ejector throat approxi- 
mately the same lor all configurations 

For most configurations, the ejector length was fixed at the maximum allowed on the SST 
at UM termmation ol the aircraft pioject (8 in. model scale). To better understand the 
degree ol imxmg that was occurring in the fixed length, the constraint was relaxed for a 
lew conligurations. 

3.3 DEFINITIONS FOR NOZZLE AREA RATIO 
EJECTOR AREA RATIO. AND SETBACK 

The various area ratios used within this investigation are defined with the aid of figure 7. 
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3.3.1   NOZZLE AREA RATIO (NAR) 

Throyghoiil tins stmly the suppressor area ratio or nozzle area r.ttio (NAR) refers to the 
total area within a circle tanjienl to the outermost poaion of the outside tubes divided by 
the geometric primary flow area. This definition was chosen to be representative of the 
physical area required to install the suppressor.  Notice that confijmrations with conver- 
gent tubes can have nozzle area ratios larger than ejector area ratios without implying jet 
scrubbing on the ejectors. 

3.3. : EFFECTIVE NOZZLE AREA RATIO 

1 he effective nozzle area ratio is defined as the area within a circle tangent to the outside 
of the outer jets, at the nozzle exit plane, divided by the effective primary How area 
(C"|)  Ap).  This area ratio is representative of the jet that must be contained by the ejector. 

3.3.3    EJECTOR ARI A RATIO (EARl 

Throughout the present investigation, constant mixing area ejectors are used. The ejector 
area ratio is defined as the geometric ejector How area divided by the primary nozzle geo- 
metric How area (Ap). 

3.3.4 EFFECTIVE EJECTOR AREA RATIO 

The effective ejector area ratio is defined as the geometric ejector flow area divided by the 
primary nozzle effective flow area (('|yAp). 

3 3.5 SETBACK 

All nozzles in the present investigation have coplanar tube ends. The axial distance down- 
stream from the tube exit plane to the ejector hilite is defined as the setback.  For all 
ejectors the lip shape is a 2:1 ellipse segment, and the ejector thickness is maintained 
approximately constant, resulting in nearly the same axial distance to the ejector throat 
for all ejectors (for a fixed setback ). 
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4.0 TEST DESCRIPTION 

41   I ACILITY DISCRIPTION AND DATA ACQUISITION 

The tost was conductctl in the Booing Propulsion/Noise laboratory's low-spec ! wind tunnel 
(A)   The facility, shown in lignre H. is an open-circuit tunnel with a 9- by 9-ft test section. 
Driven by a gas generator and variable pitch propeller, the tunnel velocity can be varied from 
30 to 167 kn.* 

The mullitube suppressors were installed on a loiebody as shown in figure 8 and detailed 
in figure i>. The dual-flow forebody, enclosing a variable-slot burner, was mounted on a 
six-component wind tunnel balance located beneath the tunnel floor. The suppressor air 
tlow rate was measured with an A.S.M.H. long-radius flow nozzle. 

The boundary layer ihickness at the ejector inlet was representative of that developed on 
u model SST nacelle,   lo provide the appropriate inlet flow on a forebody long enough to 
incorporate the burner, it was necessary to use boundary layer suction. The location of the 
boundary layer suction ports is shown in figure 9, and a detailed view of the ports is shown 
in figure 1Ü. Figure 10 also shows the results of the oil-flow run used to verify that there 
were no separation regions on the forebody. 

Kjectors are mounted on balance using a separate stand (fig. 9) to avoid configuration- 
oriented ejector inlet strut losses. Aerodynamic forces on the ejector stand, like those of 
the forebody. are removed from the force data and treated as tares.   ' 

The temperature and total pressure profiles shown in figure 11 are typical of the experi- 
mental values measured at the instrumentation cruciform (14 total pressure and 14 thermo- 
couples) for nominal 1150*F test conditions. 

4.2 DESCRIPTION OF NOZZLES 

4.2.1   GENERAL 

All multitube nozzles share the following characteristics: 

• Total effective flow area * 13.2 in.^ 

• All tubes within a given suppressor are the same size 

• All tube exits are coplanar 

• All tubes are convergent, having round exits, internal Mach number = 0.5 and entrance- 
radius-to-tube diameter > 0.1 

• Nozzle ramp and baseplate areas were instrumented with area-weighted static pressure taps 

Tlu' same model hardware was used on the Boeing Hoi Nozzle Test facility to acquire the static data. 
Details ul tht siütic lesling are presented in reference 2. 
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4.2.5  CLOSE-PACKED ARRAYS (FOUR) WITH ELLIPTICAL RAMPS AND TUBES: 
19,37, AND 61 TUBES 

I i-sts of 19-, 37-, and M-tulu', 13.64«*, area ratio (NAR) 3.3 suppressors were made to 
investigate the natural progression ofno/z.les witli approximately equal spacing between 
all tubes in the array.  Figures 16 and 1 7 show key dimensions ("or each nozzle. All tubes 
are elliptical converging to round coplanar exits. 

A 37-tube, area-ratio-2.75 nozzle was built. This nozzle is similar to the 37-tube, area- 
ratio-3.3 nozzle shown on figure 17 in all respects other than NAR. 

4.2.6 R 37:  37-TUBE, NAR 3.3 SUPPRESSOR WITH CONTOURED RAMP 

Ihe R/37 configuration (tig. 15) is a  13.695-in , noz.z.le-area-ratio-3.3, close-packed 
suppressor using 37 round convergent tubes of equal diameter and varying length, and 
a contoured ramp. The average length of (he internal constant area portion of the tubes 
is 4.4 in.   The nozzle was used repeatedly during the investigation as a noise and 
performance referee. 

4.2.7 37 TUBE. NAR-3 3, CLOSE-PACKED ARRAY WiTH ELLIPTICAL RAMP AND 
R/C TUBES 

To establish the effect of varying only tube shape, the R/37 nozzle was fitted with an el- 
Uptical ramp (o produce a 37-tube, NAR-3.3, close-packed array with round convergent 
tubes. To provide a ventilation parameter'   ' similar to the 37-tube, NAR 3.3 suppressor 
with elliptical convergent tubes, LT/DSQ  ■ 0.75 was used. Variations in tube shape and 
ramp shape lor 37-tube, area-ratio-3.3 nozzles are shown in figures 18 and 19. 

) 

4.2.8  RADIAL ARRAY SUPPRESSOR 

The 31-tube nozzle, constructed to minimize the base ventilation by placing all tubes in 
radial lines, lud an area ratio of 2.75 and used elliptical convergent tubes (fig. 20). 
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Material   0.035-in. wall -321 CRES 

Note:   Center tutw? i?. a 1.125-in, diam tube 
with a 12   nominal convergence to 
0 955-in. i.d. axit 

0.955-in, i.d 0,955-in. i.d. 

' 

'■ 

12   nominal 

0 785 m. 0 533 in.— 
i _L-_ 

A A       L—6.0 in  
I   (Tube exit plai ilane to 

tube holder plate) 

Material   0.035 wall, 321 CRES 

Noti     Center tube is a 0.75-in. diam 
tul)e with a ^ nominal convergence 
to 0.533 in diam exit JL. 

3.78-in. R 

0.533 in. i.d Row 4 

*•'«■ 

Figure 16.-19 and 61 Tube Area-Rdtio-3.3 Suppressors 
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Note:   Center tube is a 0 875 in diaM tube 
with a 12° nominal convergence 
to 0 684 in. diam exit 

Materii/   0 035 m wall, 321 CRES 

NAR 3.3 

>C 

-f- 

0 684-in.i.d 

12° nominal     0.035 in. wall 

1 

0 987 in 1 
0 684in- 

_4  

Material   321 CRES 

Note;   Center tube is a 0.75-in.-diam tube 
with 0.020 in. wall (0.71 in. i.d.) 
with a 12° nominal convergence 
to 0.684 in.-diam exit 

6 0 m 
(Tube exit plane to      2Q0 „ „ 
tube holde  platel        fu   I'VPicai) 

(row 3) 

AA 

NAR 2.75 

60° (typical) 
(row 1) 

0.684 mid 

0 883 i 

1.92 in. R/ 

Figure n.-37Tube, Close-Packed Suppressors NAR = 2.75 and 3.3 
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12" nominal    Q 035 rn. wall 

0 937pn      0.747 in 

Material   32i CRES 
Note    Center tube is a 0.875 in diam tube 

with 0.020m wall (0.835 in. id.) 
with a 12° nominal convergence to 
0.747 in (iiam exit 

(30 elliptical 
tubes lequired) 

6 0 in. — 
(Tube exit plane to 
tube holder plate) 

3.45-in. R      ' 
\2.975 in. R 

1.971 in. R 
\ 

0967 in. R 

0 747 in. i.d. 

Figure 2u.   Radial Array Nozzles 
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4.2.9 SUMMARY OI SUPPRtSSOR SIM (IMC ATIONS 

BWBCth* Typt Meundiam 
Numb«   Area    Ana of to outside 
DI IUIH'N  R;iiio    Ratio   Array lypo      Ap-in *■ As/I-in. lube* C.            ofouterjet 

13.825 

Close-Packed    13.610 5.979 E.C. 

Ctoae-Packed    I3J43 6.197 E.C. 

( losc-Packeil     13.695 5.2()() R.( . 

Close-Packed     13.616 6.064 E.C. 

37-Tube   2.75      2.7       Close-Packed     13.432 4.369 E.C. 

1 (R ( » - - 

I'l-iube 3.3 3.1 

37-Tiibe 3.3 3.1 

3^-lube 
(R/37) 3.3 3.1 

61-Tube 3.3 3.1 

31-Tube   1.75      2.7       Radial Array     13.610 L.C. 
(M=0.65) 

0.980 

0.983 

0.968 

0.956 

0.969 

0.983 

0.970 

4.1X6 in. 

7.262 in. 

7.243 in. 

7.432 in. 

7.257 in. 

6.703 in. 

6.703 in. 

Percent ol total How exiting from outer row:  63", 48';, and 3M for the 19-, 37-, and 61- 
tube. close-packed arrays, respectively; 38% for the 31-tube radial array 

•E.C. elliptical converging to round exit (M^O.S) 
R.C. rouiui converging to round exit (M-0.5) 

**l)singC 0 tiom relerencc I 

Detailed dimensions available for all configurations on Boeing drawing number 5457-0 
through-8 and -10.-I I and -27 

4.3 EJECTORS 

4.3.1 GENERAL 

Each ejector in the present investigation has a constant internal area. Tests were made over 
a m|e of effective ejector area ratios divided by effective nozzle area ratios from 1.0 to 
MtR-j/R-in =   I.Oto 1.4).  Ejector area ratios (EAR) investigated were 2.6, 3.1, and 3.7. 
Eor most configurations, the tightest possible ejector was designed so that the wall of the 
ejector would coincide with the outermost boundary of the over-expanded plume of a jet 
issuing from the outer tube row at the highest pressure ratio (4.0, see fig. 3). Although the 
largest area ratio (3.7) was considered too large to be practical for SST application, it was 
used to demonstrate the effect of area ratio on lapse rate and performance. 

I 
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The ejector length is defined ;is tlic tlistana' from the suppressor exit plane to the ejector 
exit (measured with setback  ■  0).   I his definition descrihes the distance in which the mix- 
inj; process occurs.  When setback equals zero, the ejector hilite is copianar with the nozzle 
exil plane.  The ejector length, constrained •y SS T installation requirements, was held at 
I I   IV,]   :  2  «i.e.. X-in. model scale) lor most conligurations.   1 his constraint results in 
ejectoflength-to-mdividiial-iet-evit diameter ratios of8J, 12. and 15.4 for the 19-, 37-, 
and M-tube no//les, respectively.  Relerence 5 shows thai the ejector length to jet diameter 
ratios ot the 37- and (d-tube nozzle are sulticient to produce complete mixing from a peak 
thrust standpoint. 

h 
To establish the effect of the SS I length constraint, the requirement was relaxed for a few 
configurations.   Because the required mixing length increases with area ratio, the largest 
area ratio ejector (3.7) was also built with I |;/l)eq   m  6.0 (24-in. length). This results in an 
ejector length to indiviilual jet diameter ratio of 36 for the 37-tube nozzles. 

v. 

C 

0 

As shown in figure 21, the ejectors were designed with 2 : 1 elliptical flight lips to minimize 
inlet losses (ejector thickness was maintained approximately constant for all ejectors).  Con- 
figuration-oriented inlet losses due to ejector mounting struts were avoided by mounting 
the ejectors independently (but on the same balance) on a separate strut as shown in figure 
22.  i jeclor area ratios were chosen so that suppressor and ejector area ratios could be varied 
while the radial distance between the outer jets and ejector wall was held constant. This 
condition prevails when the KAH 2.(i ejector on a 2.75-area-ratio nozzle is compared with 
an I AR-.v I ejector on a 3.3-nozzle-area-ratio suppressor. 

All ejectors were instrumented with static pressure taps.  Those on the lips of the ejectors 
were area-weighted and in line with and between representative jets.  Taps on internal con- 
tours were also in line with and between representative jets. The external contour was 
instrumented with area-weighted taps. 

0 1/0 

7.840 diam (rof) for EAR 2.6 
8.550 (Jiam(fef) tor EAR 3.1 

I | 

8.180 diam for EAR 2.6 
8.890 diani for EAR 3.1 
i 

3.68R for EAR 3.1 

Throat 
(ref) 

42.00 R 

I 

I 

Figure 21—Area Ratio 2.6 and 3.1 Flight Lip Ejectors 

31 

•mmmmmm 



Figure 22.-View of Ejector Inlet. WTube, NAR-3.3, Close-Packed Arrvy With 
Elliptical Ramp; EAR 3.1 Ejector, Zero Setback 

4.3.2 SUMMARY OF EJECTOR SI'l ( U K ATIONS (See figs. 21. 23 und 24) 

Effective 
Ejector     Ejector 
Area Area 
Ratio        Ratio        Mean Roj      Kn !<() \\ I A 

Ejector 
Area 

Lg    «in -i 
(in.) 

2.6 2.7 

3.1 3.2 

3.7 3.8 

3.7 3.8 

3.33 3.74 4.04 8 

3.678 4.28 4,4S 8 

3.99 4.(.7 5.00 8 

3.990 4. (.7 5.00 24 

6.83 117 34.9 

0.83 1.17 42.5 

6.67 1.33 50.1 

12.67 1.33 50.0 

*l enfUl of ejector measured axbtly in inches from the ejector Inlile to the elector exit 

plane 

2.1 Ellipse 

Figure 23.-Ejector Dimension Definition Sketch 
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Note:   Smooth contour 

rLT/Deq = 
6 ejector 

3.99 

0 

o 

3.99 

Figure 24-Area Ratio (EAR) 3.7 Flight Ejectors LE/DeQ = 2 and 6 
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5 0  EXPERIMENTAL PERFORMANCE RESULTS 

B 

5.1   INTROOUCTION 

(.rcss thrwl coefncfenl u» riUlCtkMI ofprama« ratio ami vc-locity arc summarized in (his 
chapter lor each of the suppressor/ejector coii%urations investiuated.  Carpet plots are used 
to allow determination of pert'ormance at intermediate pressure ratio and/or velocity points. 

Although the values of Cf- elumjie with conliguration, the general shape of all hare suppressor 
performance curves is thai shown on ligure 25. 

9   94 

I 

m 

Figure 25—General Form of Performance Carpet Plots for Bare Suppressors 

I ypical trends tor multituhe hare no/./les are: 

• Maximum static perrormancc occurs hetwecn pressure ratio 2.5 and 3.0. 

• I apse rate. lAC.-   I'" AV«  decreases as pressure ratio increases. 

• I hus. peak iK-rlbrmance decreases and shitts to a higher pressure ratio as velocity increases. 
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The general shape of tlie suppressor/ejector pcrrormanee curves is shown in figure 26. 

r 

—^j      [-»-20 kn 

Figure 26.-General Form of Carpet Plots for Suppressor/Ejector Performance 

Typical trends lor suppressor/ejector nozzles are: 

• Over I he range of pressure ratios investigated (2-4), the maximum static performance 
occurs at or near pressure ratio = 2. 

• The lapse rate, while still decreasing with increasing pressure ratio, is much larger (steeper) 
lor ejectors than lor similar hare suppressor cases. 

• I hus, relative to a hare suppressor, as the velocity increases, the rate of performance 
decrease is greater and the pressure ratio at which the peak performance occurs moves 
to a higher value for the ejector case. 

5.2  LIST OF PERFORMANCE CURVES 

The following list indexes the sumniary performance (gross thrust coefficient) plots versus 
pressure ratio and velocity.  Unless otherwise indicated, the configurations incorporate 
Lj/D     ■ 0.5, Lg/D^q = 2.0, elliptical ramps, elliptical convergent tubes, and ambient jet 
temperature (tigs. 27 tnrough 60). 

) 
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4 ConfiguratiOfl Versus I inure Number 

0 

Conf^uration 

Nu   ol 

lubes 

1" 

I1) 
19 
I') 
37 
37 
37 
37 

37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
37 
6] 
61 
M 
31 
31 
31 

31 
31 
31 
31 

NAR 

3.3 
3.3 
3.3 
3.3 
2.75 
2JC 

2.75 
2.7S 

2.75 
2.75 
3.3 

3.3 
3.3 
3.3 
3.3 
3.3 
3.3 
3.3 
3.3 
3.3 
3.3 
3.3 
3.3 
3.3 
3.3 
3.3 
2.75 
2.75 
2.75 
2.75 
2.75 
2.75 
2.75 

I AR 

none 

3.1 
3.7 
3.7 
2.6 
3.1 
3,1 
3.7 
3.7 
3.7 
none 

3.1 
3.1 
3.7 
3.1 
3.1 
3.1 
none 
3.1 
none 
3.1 
3.1 
3.7 
none 
3.1 
3.1 
none 
2.6 
2.6 
3.1 
3.1 
3.7 
3.1 

SB I) eq 

0.25 
0 
0.25 
0.25 
0 
0.25 
0 

0.25 
0 

0 
0.25 
0 
0 
0.125 
0.25 

0.25 

0.25 
0 
0 

0 
0.25 

0 
0.25 
0 
0.25 
0 
0 

Array 

l.i.;/I)e,  = 6.0 

Reference nozzle 
( .!• 

( .1'. 
C.P. 
C.P. 
(P. 
c.l». 
C.P. 
{.1' 

C.P. 
C.P. 
( v. 
C.P, 
C.P. 
C.P. 
C.P. 
C.P. 
C.P. 
C.P. 
vv. 
(.!'. 

C.P. 
C.P. 
(P 
(P 
(P. 
(P. 
Radial 
Radial 
Radial 

Radial 
Radial 
Radial 
Radial 

LT/I)      = 0.75 
LT/D      - 0.75 
LT/I)CM - 0.75 
( ircular are ramp 
Circular arc ramp 
LJ/DM  ■ 0.75, round OOIJV. tubes 
L-|7De    = 0.75, round conv tubes 
Contoured ramp 
Contoured ramp 

LT/I)etl  - 0.75 

Figure 
Nu ml/er 

27 
28 
21- 

30 
31 
32 
33 
34 
3S 
36 
37 
38 
39 
40 
41 
42 
43 
44 

45 
46 
47 
4x 
4'' 
so 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
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Figure 27.—Gross Thrust Coefficient for the Round Convergent Reference Nozzle, 
No Ejector 
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Figure 28—Gross Thrust Coefficient for 19-Tube, NAR = 3.3, Close-Packed Array 
Without Ejector 
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1.08 

1 06 

1 04 

1.02 

1 00 

f   .98 

88 

.86 

■    ■ 

Tj = ambient 
LT/Deq-0.5 
Eiliptical ramp 
Elliptical convergent tubes 
EAR -3.1 

LE/Deq ■ 2.0 
S B./Deq ■ 0.25 

m 

• 

) 

Figure 29-Gross Thrust Coefficient for 19-Tube. NAR-3.3. Close-Packed Array 
With EAR = 3.1 Ejector (Setback 0.25) 
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Figure 30—Gross Thrust Coefficient for 19 Tube, NAR -3.3, Close-Packed Array 
With EAR ^ 3.7 Ejector 
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1 00 
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94 
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90 

86 

• 
T j - ambient 
Ly/Deq ■ 0.5 
Elliptical ramp 
Elliptical convergent tubes 

• 
EAR - 3,7 

LE/Def) ■ 2.0 
S.B./bel< ■ 0.25 

t 
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Figure 31—Gross Thrust Coefficient for 19Tube, NAR-3.3, Close-Packed Array 
With EAR -3.7 Ejector (Setback 0.25) 
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Figure 32.-Gross Thrust Coefficient for 37-Tube, NAR = 2.75, Close-Packed Array 
With EAR =2.6 Ejector (Setback 0.25} 
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lj = ambient 
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Elliptical conveigt.'iit tut)t's 
EAR     3.1 

LE/Deq     2.0 
Zero inback 

Figure 33.-Gross Thrust Coefficient for 37 Tube, NAR ■ 2.75, 
Close-Packed Array With EAR = 3.1 Ejector 
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Figure 34—Gross Thrust Coefficient for 37 Tube, NAR ■ 2.75, Close-Packed Arrav 
With EAR ■ 3.1 Ejector (Setback 0.25) 
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Figure 35.~Gross Thrust Coefficient for 37Tube. NAR -2.75, Close-Packed Array 
With EAR - 3.7 Ejector 
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Figure 36.-Gross Thrust Coefficient for 37-Tuhe. NAR - 2.75. Close Packed Array 

With EAR    3.7 Ejector (Setback 0.25) 
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Figure 37.~Gross Thrust Coefficient for 37 Tube. NAR    2.75, Closu-Packed Array 
With EAR = 3.7 Ejector (Length LE/Deq = 6.0) 
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Figure 38.~Gross Thrust Coefficient for 37-Tuhe, NAR = 3.3. Close-Packed Array 

Without Ejector 
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Figure39.-Gross Thrust Coefficient for37Tube. NAR = 3.3, Close-Packed 
Array With EAR = 3.1 Ejector 
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L-r/Deq = 0.5 
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SB/Deq - Ü.25 
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Figure 40.-Gross Thrust Coefficient for 37Tube. NAR = 3.3, Close-Packed Array 
With EAR - 3.1 Ejector (Setback 0.25) 
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Figure 41-Gross Thrust Coefficient for 37Tube, NAR = 3.3, Close-Packed Array 
With EAR =- 3.7 Ejector 
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Figure 42.-Gross Thrust Coefficient for 37-Tube. NAR = 3.3, Close-Packed Array 
(LT/Üeq ■ ft75) With EAR = 3.1 Ejector 
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Figure 43—Gross Thrust Coefficient for 37-Tube. NAR =3.3, Close-Packed Array 
(L T/Dcq ■ 0.75) With EAR = 3.1 Ejector (Setback 0.125) 
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Figure 44.-Gross Thrust Coefficient for 37 Tube. NAR = 3.3. Close-Packed Array 

(LT/Deq ■ 0.75) W,th EAR-3.1 Ejector (Setback 0.250} 
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Figure 45.-Gruss Thrust Coefficient for 37 Tube, AM/? - 3.3, Close-Packed Array, 
Circular Arc Ramp Without Ejector 
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Figure 46.~Gross Thrust Coefficient for 37 Tube, NAR 3.3, Close-Packed Array, 

Circular Arc Ramp With EAR = 3.1 Ejector (Setback 0.25) 
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Figure 47—Gross Thrust Coefficient tor 37 Tube, NAR = 3.3. Close Packed Array 
With Lj/De(l -0.75 Round Convergent Tubes Witnout Ejector 
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Figure 48—Gross Thrust Coefficient for 37-Tube, NAR ^ 3.3, Close-Packed Array 
With L j/De( • 0.75, Round Convergent Tubes With EAR = 3.1 
Ejector (Zero and 0.25 Setback} 
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Figure 49.-Gross Thrust Coefficient for 37- Tube, NAR " J. J, Close Packed 
Array:   Round Convergent Tubes, Contoured Ramp With EAR ■ 
3.1 Ejector 
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Figure öO.-Gross Thrust Coefficient for 37-Tube, NAR = 3.3, Close-Packed 
Array:  Round Convergent Tubes, Contoured Ramp With EAR = 
3.7 Ejector 
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Figure 51—Gross Thrust Coefficient for 61Tube, NAR = 3.3, Close-Packed 
Array Without Ejector 
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Figure 5?-Gross Thrust Coefficient for 61 Tube, NAR = 3.3. Close-Packed 
Array With EAR = 3.1 Ejector 
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Figure 53.~Gross Thrust Coefficient for 6J Tube, NAR = 3.3. Close-Packed Array 
With EAR =3.1 Ejector (Setback 0.25) 
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Figure 54.~Grass Thrust Coefficient for 31 Tube, NAR ■ 2.75 Radial Arrav 

Without Ejector 
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Figure 55.—Gross Thrust Coefficient for 31- Tube. NA R • 2.75 Radial Array 
With EAR - 2.6 Ejector 
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Figure 56.~Gross Thrust Coefficient for 31-Tube, NAR-= 2.75 Radial Array 

With EAR - 2.6 Ejector (Setback 0 25) 
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Figure 57.-Gross Thrust Coefficient for 31 Tube, NA R = 2.75 Radial Array 
W.th EAR = 3.1 Ejector 
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6.0   ANALYSIS 

6.1   INTRODUCTION 

This section analyze* the experimental results (sec, 5) ami establishes trends by comparing 
perlormance and surtace lorces for tlie various parameters investigated. 

The dependence of forward velocity effects on pressure ratio is discussed first. The section 
includes bare-nozzle and suppressor/ejector descriptions of tiie effects of pressure ratio and 
velocity on suppressors with and without ejectors. The "cross-over" velocity (maximum 
velocity at which an ejector is beneficial to performance) is considered as well as the 
behavior ot restricted ejector inlets. 

I he pressure ratio is then fixed; and variations in performance witii velocity, due only to 
changes in geometry, are conside.ed. An example suppressor with various ejectors is con- 
sidered m detail. Ihen the general suppressor geometry effects are discussed, following 
which there is a discussion of the ejector including the description of qualitative inlet How 
model and performance effects due to ejector geometry. Finally, a brief discussion of the 
effects ol temperature on the surface forces is presented. 

6.2 THE PRESSURE RATIO I)[ PUNDFNCE OF FORWARD VELOCITY EFFECTS 

6.2.1   BARE SUPPRESSOR PERFORMANCE 

At any fixed velocity, afterbody drag always becomes a decreasing percentage of idea! 
primary thrus! as pressure ratio increases. The decrease is not usually linear. Reference 2 
shows details of tiiese effects statically. 

F-or a fixed pressure ratio, the base drag linearly increases with velocity. 

For a fixed pressure ratio, the ramp drag increases in proportion to velocity squared  Thus for 
a fixed pressure ratio, the afterbody drag (the sum of the base and ramp drags) has a slightly 
non-linear increase with velocity. The static performance of multitube nozzle without ejectors 
lias been shown to be optimum at pressure ratios between 2 and 3 (ref. I). The combination of 
the above effects results in a typical behavior ofbare multitube nozzles as shown in figure 61 

6.2.2   SI PPRI SSOR/EJECTOR PERFORMANCE 

6.2.2.1    Prcamble 

I he additional of an ejector to an exhaust system subjected to forward velocity creates these 
additional concerns: 

• l.jector lip suction 

• Increased suppressor afterbody drag 

• Ejector pressure drag (constant area) 

• Skin I riet ion losses 

• Kam drag penalty 
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Figure 61.-General Behavior of Bare Suppressor Performance as a 
Function of Pressure Ratio and Velocity 
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6.2.2.2  Ljoctor Lip Suction 

As the suppressor jets mix with surrounding air, flow is entrained by the jets. Ambient air 
moves into the regions of pressure depression created by the entrained air. When an ejector 
is installed, this replacement air must tlow into the ejector through the complex inlet pro- 
vided between the outer row suppressor tubes, A^. and through the annular opening be- 
tween the outer tube row and the ejector lip, A^, (see fig. 62).   I his inlet flow affects 
ejector lip suction and suppressor afterbody drag. The lip suction, a result of the pressure 
reduction caused by the high velocity flow entering the inlet, becomes a decreasing per- 
centage of ideal primary thrust as pressure ratio increases (i.e., the lip force increases by a 
smaller amount than the ideal thrust). 

U 6.2.2.3   Suppressor Afterbody Drag 

v. 

Countering the performance benefit of the lip suction is the increased level of afterbody 
Jrag resulting from the presence of an ejector. At any fixed velocity the afterbody drag 
becomes a decreasing percentage of the ideal primary thrust as pressure ratio increases. 
The result is the same as for the suppressor without ejector, except the absolute levels are 
higher.  At any fixed pressure ratio both the afterbody drag and lip suction become de- 
creasing percentages of the ideal primary thrust as velocity increases.  (These subjects are 
treated in detail later.) 

6.2.2.4 Ijcctor Drag 

I he [-»resent investigation considers only constant area mixers; thus, the only ejector pres- 
sure drag to consider is the ejector boattail drag, which is independent of pressure ratio. 
The dependence of ejector pressure drag on velocity is covered in section 6.3.7.1. 

6.2.2.5 Ram Drag Penalty 

At a fixed velocity the amount of secondary air increases as pressure ratio increases (un- 
less the inlet How is choked).  Therefore, by definition, the amount of ram drag increases 
with increasing pressure ratio. Though it is a real component in the momentum equation, 
the ram drag physically manifests itself as a change in lip suction. The effect of pressure 
ratio on ram drag is a secondary concern compared to the velocity effects on lip suction 
due to ram drag. 

6.2.2.6 Kesulling IVrformanec 

The net result ol the above parameters is a pressure ratio dependence of overall performance 
wlnJi is similar to that of the bare suppressor case but with steeper lapse rates. Figure 41 
shows the performance of the suppressor (shown bare in fig. 38) with an area ratio FAR 3.1 
ejector installed.   Fhe skin friction, ram drag, afterbody drag, and ejector pressure drag all 
increase with velocity and thus increase the lapse rate for the ejector configuration. Since 
increasing pr^sure ratio decreases both afterbody drag and lip suction with velocity (either 
one ot which can he dominant I. the lapse rate dependence on pressure ratio for these com- 
ponents can go either way. At a fixed velocity both the lip suction and base drag become 
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decreasmg percentages ol the ideal thrust as the pressure rat,,, mereases. The lip s-ion 
h s a stronger dependence on pressure ratio than does the base drag.  Thus ove  t.J ranle 
ol Pressure rat.os Investigated (2-4), the static gross thrust coeffictent for su    reW    8 

ejector noxzto ,, always at or near the .naximu.n value at pressure ratio 2.0.*  (See ref 2 ) 
P sucon decreases with forward velocity due to the ran, drag penalty. The net re 

n ,o^ whi h Per,ünn:,nCC *ith h**** velocity and an upward shirt in the pre 
ure ratio at winch maximum perfonrnmce occurs. These performance effects are readily 
;77' on   he sunnnary plots of gross thrust coefficient versus velocity and p eswe   ' 
ratio shown in section 5. I'ILSSUIC 

6.2.2.7 ( rossover Velocity 

fholn oiZr^^Vh T n"rS ^ ^ CJeCt<,r imd ^ SU|,'ir— -"'^.rations is 
v   wl i c t       >   '^       WS t,,C t**0™™ ^««ver velocity (i.e., the velocity 

abem which the ejector becomes a perlormance handicap) at each pressure ratio. The 
uossovcr velocity decreases slightly with increasing pressure ratio and approaches a con- 
stant v.U.e.   | h,s trend held true for all configuration, investigated whe^the inlet ^ not 

6.2.2.S  Behavior of Restricted Inlet 

inllf InThZ'" VeIl,C,,y.;S S,r,,ngly dCPnUient 0n PreSSl!rC nti0' " is ^ to a restricted nkt.  In the e cases, as the pressure ratio increases, the ejector demands more air than can 
be brought through the inlet.  At low pressure ratios this is manifested as m^e    ,     ^t 
losses, resulting m a crossover at a lower velocity as pressure ratio increases   At* pre' 

•      , ''       ,   ,      •        I1''t ,;0a,(momt"r"1 «« «^ wall taps). This situation arises on 
M.     ceaors w. hout sult.cenl setback (such as the configuration in figures 39 and <P 

>   section 5 ,.   As the pressure ratio producing the inlet choking is appmached a steeper" 
decrease m pertrrmance usually occurs. The experimental technu.ue of mountin   thl 
Clccor separate from the suppressor provided insight into another characteristic of the 
ejector hehav.or as mlet choking occurs. When the pressure ratio is sufficient to produce 
static pressures at the ejector throat indicating supersonic flow, the ejector begin   to v 

:i;;;:;olrly ,,,a, i,,c rim,st he s,iut ^- ^—^L:^ZSZ 
^       c   "-O^r aT"nl^, t0 S,K,ck-indll-d n"w «Potions. (The vibration is low 
frequency      200 Hz, and produces excursions greater than can be produced by manually 
pushing on the side ol the ejector.) < y manujuy 

The pressure ratio at which .h.s phenomenon occurs is dependent upon the effective inlet 
«rea ol, he ejector.   I he effective inlet area is not presently a quantitative item, rather one 

s;:; o,; x 1 ^ iiy lo ikmg ^a,rves presontcd m ^5 ^ ^ ^ tigu.anons where data could not be acquired over the entire pressure ratio range. 

I In' ;KIIKII peak si^u^ c,   ,a.cll,s '% f^'jccuntt a I>U-SMIU ratjo<2.0for most coafliHratioitt. 
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Figure 63—Comparison of Performance and Lapse Rate and Crossover Velocity for 
37-Tube, NAR-3.3, Close-Packed Array, Bare and With EAR-3.7 Ejector 
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As the fcAR/NAR and setback increase, tlie occurrence of inlet choking moves to higher 
pressure ratios.   The effect of inlet area on the pressure ratio at which supersonic How 
occurs at the elector throat is shown on figure 64. The only difference in configurations 
is that the upper carpet has 50',; longer tubes. In both configurations, the ejector hilite is 
copfcnar with the tube exit plane.   The major effect on the additional tube lengths is the 
displacement of the entire carpet to a higher performance. The lapse rates are nearly the 
same and the onset ol ejector vibration occurs at only a slightly higher pressure ratio. This 
behavior suggests that the amounts of secondary airflow going between the tubes is a small 
percentage ol the total secondary mass flow (i.e., most of the air enters the ejector in the 
annulus, AA, between the outer tubes and Die ejector lip). The shift to higher perform- 
ance is primarily due to a large decrease in base drag provided by the small increase in ven- 
tiiatmg How going between the tubes and the increased static pressure gradient between 
tlie lip and baseplate. 

c 

Reference 2 shows the static lip suction for these two cases to be the same at pressure 
ratio 2.8, for example, while the afterbody drag/ITD is 9% less for the longer tubes. Now 
consider the same ejector and suppressor except with the short (LT/De    = 0.5) tubes and 
a setback (Lc/D^ - 0.25). Thus, the total axial distance from the baseplate to the ejec- 
tor hihte is the same as that for the long tube case just considered, but the annulus area AA 

lias been substantially increased. The carpet for this configuration is shown in figure 65 
(along with a repeat of the carpet lor the same tube length but zero setback from figure 
64).   The performance of this configuration at pressure ratio 2 is between that nf the other 
contigurations considered above. As pressure ratio increases (requiring more secondary 
air), the configuration with short tubes and setback not only out-performs the other two 
but it continues to operate statically at a pressure ratio up to 3.5 while the others begin to 
vibrate at 2.8. 

0 

c 

There are several reasons for this behavior. The afterbody drag for the short tube config- 
uration with setback is only Q.5% greate.rthan for the long tubes without setback (com- 
pared to the n penalty of the short tubes without setback). The larger annular opening 
on the setback case allows the secondary air to enter the ejector at a lower velocity than 
it did for zero setback.  The reduced velocity decreases the lip suction and this, combined 
with the afterbody drag relationship, results in the overall performance difference between 
the two no-setback cases at low pressure ratio. As the pressure ratio increases, the restricted 
inlets cannot pass any more air, while the setback case benefits from:  (1 ) a nearly constant 
Up suction/FID until pressure ratio - 3.0 and (2) a continued increase in secondary air- 
flow unlil pressure ratio  = 3.5. 

0 

C 

Setback provides a mechanism for obtaining the appropriate inlet area necessary to opti- 
mize the performance at any given pressure ratio. The amount of setback required for 
peak performance increases as pressure ratio increases because of the increased demand 
lor secondary air.  At a fixed pressure ratio there is an optimum setback for each suppres- 
sor ejector combination.  If tin setback is too small, supersonic flow can occur   For small 
mcieases m setback, the Up velocity (hence lip suction) decreases but the base drag benefit 
increases substantially. The   ketches in figure 66 show typical performance. 
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Figure 64. - 37-Tube, NAR - 3.3, Close-Packed 
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Figure 66.-Schematic of Performance Versus Setback 

I 

Reference 2 covers the details of the reqirfrod setback statically. Forward velocity requires 
mcreasmg setback (at a fixed pressure ratio) to produce peak performance and mLn. 
lapse rate. (See sec. 6.3.) 

The occurrence of the ejector vibration moves to slightly higher pressure ratios as velocity 
increases tor a fixed geometry because of the inlet ram effects.* If static tests do not mon- 
..or supersomc  low at the ejector throat over the desired pressure ratio range, one can l" 
con ,dent that the low-speed performance will not be affected by this problem    Some 
available Ulformatioi, suggests that a vibratmg ejector stabilizes and the rate of performance 

^) 

I 

> 

f»! I.ecs.rcun- inCNMN relauve to I'-,    as velocity increases and tin; pr-ssure ralio ,s hold constant 
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loss decreaia il the tyitetn is driven to even higher pressure ratios. This situation is shown 
in rifure 55 where the stalie run eoukl he pusJK-ii on to stable pcrlormance at pressure ratio 
4 while the vibration tirst oocumd at pressure 2.6. (Concern for the turboprop at the exit 
Ol tiie tunnel in the eu-nl ol hardware laiiure precluded such attempts during wind tunnel 
testinj:.) 

Within the present context, presumed inlet .hoking associ.'ied with the ejector vibration 
means onl\ that supersonic flow was monitor-d by wall static pressure taps at the ejector 
throat.   I he ejector iiistruinentation includeu pressure taps m line with as well as in between 
outer row jets.  The supersonic How is noted at the tangent point between the lip and con- 
stant area portion of the ejector and occurs around the entire circumterence of the ejector 
(not |ust in line with the jets» 

6.3 lOKWARI) V[ I.OdTY IFFIXTS (CONSTANT PKESSURE RATIO) 

6J.1   IMROIUKTION 

Section 6.3 discusses the effects of velocity on performance as the geometric parameters 
are varied while maintaining a constant pressure ratio of three. The trends apply to other 
pressure ratios as well and quantitativ« values at pressure ratios trom 2 to 4 can be obtained 
Irom the performance curves presented in section 5. 

6.3.2 IIH AL THRUST 

Increasing wind tunnel velocity, produced by a turboprop at the tunnel exit, is accompanied 
by a decrease in fieeslream static pressure 1'^. while the freestream total pressure, P'l^. 
remains constant (neglecting tunnel inlet losses).  Actual forward velocity produces a con- 
stant Ireestream static pressure while the freestream total pressure increases.  In the wind 
tunnel, if nozik pressure ratio (l,|p/l>Cj0) is held constant, the Ideal thrust decreases with in- 
creasing velocity. It I'lp ?Jm is held constant in the timiul. the ideal thrust increases with 
velocity, f-or convenience and consistency in data presentation, iu.//le pressure ratio is held 
constant throughout the present investigation. 

In airplane evaluation it is necessary to account lor the changes in pressure ratio with veloc- 
ity due to the ram effect ami engine power settings.   The performance for any required com- 
bination of pressure ratios ami velocity can be constructed using the carpet plots presented 
in section 5. 

0 

6.3.3 l)|S( HARt.l (Ol I IK II NT 

Discharge coeltjcient is defined as the measured primary flow rate divided by the ideal 
weight flow rate of a jet expanded to ambient conditions.  Below no/zle choke pressure 
ratio, the ideal weight flow is a function of pressure ratio, while above the choke pressure 
ratio, the ideal weight How is a function only of the stagnation conditions. The presence 
ol an ejector reduces the actual static pressure to which the primary no/./le expands.  Thus, 
below primary choke the discharge coefficient is affected by the presence of the ejector. 
Above choke the discharge coefficient should not be affected by the ejector presence. 
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All expeiimeilttl tlat;i loquävd during the present imrstigations were above pressure ratio 
2i).  I or all these oonfigunitiOIII the Jiseharge eoeMieient was eompletely independent 

of all ejector parameters ( ♦ 0.25' f). The discharge coelticient was also independent of tor- 
ward velucily.  Reference I presents the ('[) values Tor the various suppressors. The calcu- 
lated primary DOZZk exit area increase, assuminn a linear nozzle perimeter growth with 
increased jet temperature, residted in discharge coelticients that were independent ol jet 
tetnpenture, 

6..V4 BARI SDPPRI SSOR PERFORMANCE 

The low-speed perlormances ol various suppressors are shown in figure 67. 

The following trends occur: 

• f or | constant nozzle area ratio the lapse rate is nearly constant. Comparison of the 
I1)-, 37-, and hl-tuhe. NAR-3.3 suppressors with elliptical ramps and elliptical conver- 
gent tuhes shows a 2.8'; variation in the static performance due to a combination of 
increasing internal losses and increased base drag resulting from the ventilation as the 
number of tubes increases.  Because of the lapse rate to I 67 kn, a reduction in Cf- of 
3.4%, 4.§%, and 4.9'; occurs for the 19-, 37-, and 6l-tube configurations, respectively. 
The ll)-tiibe no/zle benefits from significantly better ventilation paths than the other 
nozzles. 

• I he base drag increases linearly with velocity as shown on figure 6X.  Though the 
static level of base drag is strongly dependent on ventilation, the rate of change of 
drag with velocity shows oidy a second order influence of ventilation (i.e., the static 
base drag of the 61-tube suppressor is 2.W greater than that of the 19-tube nozzle, 
yet the increase in the difference in drags at 167 kn for the two configurations is only 
0.75''').  For all three configurations the ramp drag was less than 2r/' of the ideal thrust 
at 167 kn and the variation in ramp drag was at most 037' (greatest ramp drag being 
on the 6l-tube nozzle),   the ramp drag increases behaved in proportion to the scpiare 
ol the velocity.   It is this ramp drag which produces the slight nonlinearity in the per- 
formance lapse rates shown on figure 67. 

1 igure 67 also shows the effects of these parameters on lapse rate. The 31 -tube, NAR-2.75 
radial array demonstrate! the smallest lapse rate of the multitube nozzles investigated.   Its 
shallow lapse rate is due to its lower nozzle area ratio and good base ventilation.  A« 167 kn 
the ramp drag for the configuration was W of the ideal thrust (which is nominally the same 
value as for NAR 3.3 suppressors with elliptical ramps). The base drag/Hl) was only 1.4'-' 
at 167 kn Im the 31-tube radial array compared to 5.$% for the 37-tube, NAR-3.3, close- 
packed array.  At I I 50 T the value of ramp and base diag decreased slightly (1.9l'fl and 1.4% 
of ideal thrust, respectively, for the 31-tube nozzle at 167 kn).  i'igure 67 also demonstrates 
that, for suppressors with constant nozzle area ratio and ventilation, the lapse rate is nearly 
independent of ramp shape and tube shape. 

,) 

84 



mmmm 

K 

0 

C'n 

1 06 

104   - 

PR    30 

Tj     ambient 

120 

I 

NAR     2 75 
LT/Deq = 0 5. elliptical ramp 
elliptical convergent tubes 

NAR- 3.3.LT/Deq.0,5 
elliptical ramp 

ell.ptical convergent tubes 

D     NAR-3.3 
LT/Deq = 0'5 Circular arc 
'amp, elliptical convergent 
tubes 

0     NAR ■ 3.3 

LT/Deq - 0.75 

elliptical ramp 

round convergent tubes 

R/C 

* 31-tube radial 

19-tube close-packed (C.P.) 

'j 37 tube C.P. 

HI    61 tube C.P. 

160 200 240 280 

V«. kn 

Figure 67.~Effect of Velocity on the Performance of Supp, 
ressors Without Ejectors 

85 



■^^■i *t 

16.0 ) 

14.0 - 

12.0 

10,0 

fa*«* o 
FID     * 

8.0 

40 80 120 

No ejectors 
PR = 3.0 
T-p - ambient 
NAR - 3.3 
Elliptical ramps and 
elliptical convergent tubes 

61-tube 

37-tube 

19tube 

160 200 

V«  ,kn 
240 280 

**• 68.-Effect of Vefoaty on Base- Drag as a Percentage of fdeal Thrust for NAR 11 
Suppressor WM Various Numbers of Tubes (No Ejectors) 

J 

) 

86 



■■■ w 

u 

t 

Ü 

'"s ?%%%£%£ %£SSr*AN KXAMPLh sw,,RrasoR W1T" 
i K.lor suppr.ss.u nm-nafons «, tirst cx.iminccl usn,, v.ri.n.s ejectors on | p^rticLr 
sum.css..,    , he    !-,ulv. NAR.:.75 r.clial suppressor was fitted with varu,usl"       s ot 
«UKtanl leng,h, LE/Deq       2.0,  ^Ctor urea ra.ios (EAR) cover the usetul ra,U Zm 

AR . 1 7 ;K ^  J  r 0l,k,rnu,s, |L,, P,lim« ««rty inipmge on the ejector, up to 
I A« - 3.7, the limil ul sutlKient euMor lei^lh lor mixing. 

The various perlormance eon.ponenls are d.seussed separately helow. The principal trends 
.1.KU eo.K also apply to all other configur.tk,«, investigated, though levi.s o. per o 

ance will vary from one suppressor to another. 

6.3.5.1   Base Dr Bg 

K d ag on   he Hat baseplate increases linearly whh velocity tor cnligurations tested   The 
^-'uheno.vle has good venflation and a small nozzle area ratio resulting in relativel   sn 
-Hues o, |.tse drag.  Figure 69 shows the base drag of this nozzle as a Im't.on o  ^  ch 
o-anous ejector area rat.os. The trends shown d.splay the lundamental react.on of InL 

drag t.  the presence ot an ejector with lorward velocity. The dominant effect of the ejec- 
!o, on base drag is ,o aher .he level and not the rate ofchange of base drag with treest^m 

til^rrr r,:,r ihc oTe oUi*, b^phw ^^by ^ *********** ^-^ Ketc , causes large changes m the bav pressure and. hence, drag,  l-igure 69 shows that 
w drag with the ejector havmg the most restricted inlet is nearly live tunes as great 

•■•d With (he no-ejector.  Using setback to mcrease the annular inlet to the ejector and 
lower the veloc.ty ol the inlel .if results in a substantial reduction in base drag. 

^«S ^fj^T' ^ l,,<,,^m,," (" •'- "««mdary air resists turning to enter h   r uIul,   10 Mwmi the (uhes i)oar tlic te    ^ J 
P.c s    c oruhe Knuulary ol the recrculat.on region results in an mcrease m dra. w.th 
velocity    I he base drag increases linearly with velocity and. to a first order, the rate of 
Change S independent Ol the ejector area ratio and setback.  A second order eltectises 
W -I'ln.onal increase m the rate of changes in base drag with velocity as ZcU 
increases. lor area ratio 

Summanzmg. base drag has the lollowmg characteristics: 

• h.s prunarily dependent on the suppressor ventilation and eltective e,ector inlet area 
winch causes large changes in the level of perlormance. 

• facretWI lme;;rly with velocity. 

• Kale ol change m base drag with velocity .s „early independent ol ejector geometry or 
setback ind has nearly the slope ot the no-ejector case. 
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Figure 69.-Base Drag as a Percentage of Ideal Thrust for Various Ejectors 
on the 31 Tube, NA R 2.75 Radial Array Suppressor 
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•      As i second order died, the rate of chanp of base drag with velocity increases as the 
ejector area ratio increases. 

( 

c 

f i 

6.3.5.2  Ramp Drag 

The ramp drag (detailed in sec. 6.3.6.2)il a lundion of the square ot the velocity. The 
presence ol an etedor alleds the level ol the lamp drag statically but does not dTtect the 
rate ot change ol ramp drag with velocity. 

6J.5J  Afterliody Drag 

The sum of the linear base drag and nonlinear ramp drag is shown in ligure 70 as a tundion 
ot the velocity for the 31-tube suppressor ami various ejectors. 

6.3.5.4  I jedor Up Sudion 

I jedor lip suction decreases with increasing velocity. Over the range of ejector area ratios 
investigated, the level of lip suction is primarily determined by the static performance be- 
cause the rate of change of lip suction with velocity is reasonably independent of configura- 
tion tor ejectors with sufficient length and unrestricted inlets*. The nonlinear decrease in 
lip suction with velocity is due to the movement of the stagnation point on the lip and the 
decrease in secondary air handling due to the ramp drag penalty and possible decreased in- 
let recovery. 

ligure 7 I demonstrates lip force as a percentage ol ideal thrust versus velocity for various 
electors titled to the 31-tiibe, NAR-:.75 suppressor. Notice that the 3.77. decrease in lip 
suction 1- II) from static to ! 67 kn holds even though the level of the HAR-3.1 with zero 
setback configuration is 5'v' higher than the i:AR-:.6 configuration with setback. Two ex- 
ceptions are shown in the figure. The HAR 2.6 ejector without setback has an inlet that is 
so restricted that the secondary air is supersonic at the throat at pressure ratio ■ 2.7.  Se- 
vere ejector vibrations due to the shock-induced flow instabilities prevent the acquisition 
ot data at pressure ratio 3.0.  As mentioned m the discussion of pressure ratio effects, per- 
tormance decreases rapidly (with increasing pressure ratio) just prior to the onset of ejector 
vibration.  It was also noted that the pressure ratio at which supersonic throat flow occurs 
moves to slightly higher values as the velocity increases.** The combination of these effects 
produces the decreased lapse rate noted for the restricted inlet of the l.AR-2.6 ejector with 
zero setback (shown at PR  -  2.7), The implication is that, had the ejector inlet been 
sUghtly larger, the lip suction at low velocity would have increased to result in a lapse rate 
&i nearly the 3.7'; noted for the other configurations. The other exception noted in figure 
7! demonstrates the dependence of ejector performance on ejector length. As the ratio of 
the eiedor-to-suppressor area ratios (HAR/NAR) increases, more ejector length is required 

♦Dioon-iRiilly (ref. 6), lip suction inereases as cicetur area ratio increases. 
♦«Th.haMy a ram cftcct due to increased Pj freeslream (relative to I'T,,) 
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Figure 70.~Afterbody Drag Versus Velocity for a 31- Tube, NAR = 2.75 
Radial Array With Various Ejectors 
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6.3.5.S Gron Thrust Coeffldenl 

^ 

to produce optimum mixing. Though the subject of ejector length is treated separately 
(«ec. 6.3.7.5), it is instructive to note that, on the chosen NAR-z.75 suppressor fitted witli 
various area ratio ejectors of constant length (Lg/Deq  ~  2.0), the EAR 3.7 ejector is not 
long enough to provide sulTicient mixing. The result is a decrease in entrained secondary 
air and. m turn, a decrease in the velocity of the air entering the inlet. Thus, the lip suc- 
tion did not change as much with forward velocity as it did m the other configurations. 
The short (I |   Deq  ■ 2.0). EAR*3.? ejector fitted to the NAR-2.75 suppressor shows no 
decrease in lip suction/FID above 90 kn. 

;> 

The gross ihrust coefficients for the various ejectors fitted to the 31-tuhe. NAR-2.75 sup- 
pressor are shown in figure 72 as a function of forward velocity. The primary components 
affecting the lapse rate are the surface forces shown in figures 70 and 7 I. One-dimensional 
ejector theory (ref. 6)  requires an increase in secondary air handling and lapse rate with 
Increasing ejector area ratio.  For the 1 AR 2.6 and 3.1 ejector area ratios investigated, the 
dominant effect of the ejector is to shift the level of perfoi mance and not to produce a 
large change in lapse rate.  Thus, the primary effect of the changes in EAR and setback for 
these configurations is to alter the effective ejector inlet area into which a nearly fixed 
amount of secondary air must flow. 

The EAR 2.6 ejector provides such a restricted inlet that supersonic inlet flow occurred at 
a pressure ratio of 2.S.   B\ increasing the setback (SB/DM) to 0.25, the effective inlet was 
increased sufficienth to eliminate the supersonic flow problem and produce substantial 
reductions in both lip suction and afterbody drag, resulting in a favorable tradeoff lor a 
net increase of 1.2 - at all velocities.  The HAR 3.1 ejector, on the other hand, has enough 
inlet area ( EAR/NAR "   LI3) that zero setback produces slightly better performance than 
the SB/Deq ■ C 25. (The actual peak performance occurs at an intermediate setback.) 
Notice that the small change in performance (<0.5rr) at these two setbacks is a result of 
more than 3.5'' change in lip suction and base drag. The EAR 3.7 ejector of the same 
physical length as the others has insufficient mixing length to entrain the required amount 
of secondary air. The effects of the decreased secondary air handling is twofold; the static 
performance is less than the EAR 3.1 ejector because of insufficient lip suction, but lapse 
rate is also less, suggesting higher crossover velocity. The crossover velocities are greater 
than 167 kn for all ejectors used with the 31-tube suppressor except the restricted inlet 
case of 1 AR 2.6 without setback. 

I he performance Ol the same set of ejectors on a different suppressor (37-tube. NAR-2.75, 
close-packed) is shown in figure 73 for comparison. The performance levels are lower than 
those for the 31-lube, NAR-2.75 radial (tig. 72)due to the decrease in ventilation on the 
close-packed array.   1 he lapse rates are similar for the EAR 2.6 and 3.1 ejectors with SB/Deq 
-  0.25 and the EAR 3,7 ejector without setback. The EAR 3.7 ejector (EAR/NAR ■ 
i.13) has an ejector-lengllHo-individual-jet diameter ratio (E|-./d) of 1 1.7, which appears to 
have been sufficient to provide approximately the same secondary air handling as the EAR 
2.6 and 3.1 ejectors.*  Because the effective inlet area is more restricted on the 37-tube, 

♦Recall front liiiuro 72 that the same ejector mi the 31-tube suppressor, Lr/d ■ 10.7, did not have :t 
suHicieni number of tube diameters to entrain the amount of air lunulled by the EAR 3.1 ejector. 
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Figure 72—Effect of Ejector Area Ratio on Performance at Forward Velocity 
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Figure 73.—Effect of Velocity on the Performance of Constant Suppressor 
With Various Ejectors 
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. kHC^tcked noyyW th.n HK- }\ luhc raclu.!. „u.rc scthack ■s rcu.rcd to obtam cptimum 

performan*   I but the I AM 3.1 Rector w.tl. setback (Sl/Deq)0,25 has higher perform- 
anoe than the no-sclhack case for the clcsc-packej array while the same amount of setback 
WM more llian WU needed lor tlie well-ventilated radial array. 

i he ttuom Un UlC OCCUmnoe ol both „ureased periormanee and decreased lapse rate due 
O setback lor the EAR ?.. I ejector (lines a and e ,n tig. 73» are d.scussed u, section 6 3 7 4 

i mes band d in l.j-ure 73 demoattnte the ellect of ejector length when all other parameters 
aw held oonatailt.   I he high static perb.rmance and sharp mcrease in lapse rate tor the 

longer elector impl.N that substant.ally more ejector length than 1 2 individual jet diameters 
is necessary to entrain the maximum amount ol secondary air when EAR/NAR  ■   I  3 
Even llu.ugh the static performanoe ol the lung ejector is about 4.5'; higher than that of 

the^hort elector, the combination ol the ram drag penalty due to the increased secondary 

air handling and the fltetion drag on the increased wetted area produces a greater lapse rate 
or the long elector, and thus the short ejector perform better at velocities above I 10 kn 
I he example points out the general trend that if  and only it   enough ejector inlet area and 
ejector length are provided, the ellect of increasing ejector area ratio results in increased 

static periormanee and an increased lapse rate which causes a periormanee deficit at takeoff 
velocities. 

Having examined particular suppressors with various ejectors, the effects of varying other 
parameters can now be examined. 

63 6 Sm>RI.SS()R(.l()MI FRY EPFBCfl 

6.3.6.1   Nozzle Area Ratio 

I be effect ol varymg onK suppressor area ratio on a suppressor with a fixed ejector si/e is 

demonstrated on figure 74   i or the fixed EAR Ol 3.1. the NAR-3.3 suppressor is the largest 
nozde area ratio that can be used without jet impingement on the ejector   This "tight" 
elector conbguration produces such a restricted effective mlet area (without setback) that 
supersonic How is monitored at the ejector throat.  By increasing the setback to 0 M 
SB I),,,, the base drag is reduced enough to produce a 7.5'; increase in performance (Cf » 
NO.KV ,I,,. the lapse rate remains approximately the same for these configurations, sugg^st- 
mg thai they handled similar amounts ol air and that the dominant feature of the restricted 
mlet was m produce large salues of base drag.  The performance ol the no/z.le area ralu. 
^.75 suppiessor with the same ejector benefits from the larger annular opening  A A    Its 
zero jetbadj l^'-nnance is nearly 7', above that of the NAR-3.3 suppressor.  The perform- 

ana kvUol (he NAR-:.75 suppressor without setback is within I', oftheNAR-3 im* 
presso, with setback at 167 kn, and ihe lapse rate of the two curves is within 0.75%. 

The change m lapse rate with setback for the NAR-175 nozzle is explained in part m sec- 
lion (..,<. /.4.  Because the ejector is at the limit of sufficient mixing, some of the change 

m lapse rate may be due to secondary air-handling variations caused by setback.  (There is 
msutlicient data to verify or contradict this.) 
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6..V6.2  Ramp SIWIH' 

Ri-kuiKc A imlicak-tl a pcrlormancc pta dM to the use of a ramp rather than allowing a 
Kpanted rc^on to exist between the outer lulv.-s and the nacelle 0.d. as shown helow. 

No ramp 

Circular arc 
ramp 

Elliptical 
ramp 

Figure 75.—Ramp Shapes 

o 
Ramps were always used m the present investigation to minum/e the separated base region. 
Two ramp shapes were used: a circular arc ramp terminating at the outside of the outer 
lulvs and an elliptical ramp extending to the center of the outer row tubes (fig. 75 ).  The 
total projected area ot the sum ol the ramp and base are the same for the two configura- 
tions.  It was assumed at the outset that the increase in minimum dimensions from the base- 
plate to the ejector provided by the elliptical ramp would result in improved mass flow into 
the elector and the radial location of the separated flow should be less. 

Mimmi/mg ihc separate region by using a ramp is important, but experimental results show 
that the shape of the ramp is unimportant to the overall performance of the ejector suppres- 
sors in the range of tube lengths pressures and velocities tested,  ligure 76 shows the ramps 
superimposed on a 37-tube. NAR-3.3 suppressor with an lAR-.VI ejector. 

( 
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Figure 78-Ramp Drag as a Percentage of Ideal Thrust Versus Velocity for the 
31-Tube, NAR 2.75 Radial Array With Various Ejectors 
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6J.6.6 Tube Array 

mmmmp 

6.3.6.4 TUIH' Slupe 

Reference 1 cslahlishcd the importance of the sliape of the imlividual tubes on the base drag 
and internal Performance of miiuitiibe suppressors.  The level of base drag is a strong func- 
tion of the ventilation area between the outer row tubes.  Use of elliptical convergent tubes 
was recommended because they provide large ventilation areas without sacrificing internal 
performance.  The present investigation, while concentrating on elliptical convergent tubes, 
also sampled the lapse rate of configurations with round convergent tubes.  Figure 81 sug- 
gests that, while the level of performance is sensitive to the ventilation resulting from the 
tube shape, the lapse rate is reasonably independent of tube shape. 

6.3.6.5 Tube Length ) 

The tube length behaves like the other geometric parameters affecting ventilation (i.e., the 
level of performance is a function of tube length, but the lapse rate is reasonably indepen- 
dent of tube length).  References 1 and 2 discuss the importance of tube length on the static 
performance of multitube no/.zles.  figure K2 demonstrates the lack of dependence of lapse 
rate on tube length. 3 

Tube array, another parameter affecting base ventilation, does not affect the lapse rate of 
suppressor/ejector no/.zles.  References I and 2 demonsirate the strong increase in static 
performance due to the increased ventilation provided by radial arrays compared to close- 
packed arrays.  F-igure 83 shows the performance of close-packed and radial array suppres- 
sors, each having nozzle area ratio = 2.75 and each fitted with the same ejector (FAR 3.1) 
and no setback.  The lapse rate of the two configurations is nearly identical. This behavior 
suggests that they handled the        ,■ amount of secondary air. The difference in perform- 
ance level can be attributed to me small base drag resulting from good ventilation in the 
radial array.  Notice that the radial array nozzle has the same performance at 115 kn that 
the close-packed array has statically. The lack of dependence of lapse rate on ventilation 
supports the flow model presented in section 6.3.7.3. In summary, the last four sections 
have shown that the geometric suppressor parameters that greatly affect static performance 
do not contribute substantially to the rate of change in performance due to forward 
velocity. 

6.3.7 EJUtTOR GEOMETRY EFFECTS 

6.3.7.1   Ejector Drag 

6.S. 7.1.1 /'n-ssurc Drug. -As velocity increases, on increasing drag force is measured on the 
ejector boattail.  For the constant area mixers of this investigation the boattail drag is the 
only ejector pressure force countering the ejector lip suction. Figure 84 shows the ejector 
drag (exclusive of skin friction drag) as a percenJage of ideal thrust for various ejector area 
ratios, and the curves for both the FAR 2.6 and 3.1 ejectors can be exptessed as 

\ 
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Figure 82.-Effect of Tube Length on Performance With Forward Velocity 
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» I    Skin Inelion losses are not analvA-d durini l»* present 
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6..V7.2  St'eondary Air Haiulling 

I he effled o( lor^anl veloe.ty „, the tunnel results m the lollow.nt: relationships: 

«OH in I | p. \V|'. aiiJ huice uleal primary thrust. Ml). Jeereases 

•       u ''Ip ''loc il Mi constant as veloeity mereases. the resultsare: 
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11* Pnman mass llow is indep. „dent of veloeity as shown ,n ti.ur'e K 
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f'gure SS.-Pnmary Weight Flow as a Function of Velocity (Constant Pjp/PT^) 
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The 31-tube radiul array with EAR-3.I ejector and setback is studied in detail throughout 
this investigation   Plotting tiie hp force in pounds is a lunction of PtWPT    results in 
HfunSS. '      •• 

i 

50 

Pounds 40 
of 
force 
on 

li() 30 

20 

j. 

Tj = constant 

WP • constant 

= 3.0 PT  /PT 

_L 
0    20   40   60   00 100 120 140 160 

V«', kn 

Figure 88.-Lip Force Versus Velocity for the 31-Tube NAR 2.75 Radial Array 
With EAR 3.1 Ejector (Zero Setback) 

The lip force is shown to decrease by 4,691 from static to lr>7 kn (lip force/FID decreases 
by 47.7';; from I.IP/FID = 8.73';^ to LIP/FID - 4.57',' at Pip/Pj    - 3.0). The compar - 
son ot this conhjuiration with tiiat discussed above from reference0? suggests a much larger 
decrease in secondary air handling with velocity for the 31-tiibe configuration. If the ratio 
ot weight-flow change to lip-suction change due to velocity were the same for the two con- 
ligurations (it may not be), then the amount of secondary air handled by the 31-tube noz- 
zle with I AR-3.1 ejector and setback would decrease by 30.2^ as velocity increases from 
static to 167 kn. 

From the above discussion we can establish some general qualitative results: 

• I ven with the two-to-one ellipse inlet chosen lor the present investigation, the inlet 
recovery decreases substantially with forward velocities. 

• The decrease in secondary air handling results in a decrease in the ram drag penalty, 
which in turn diminishes the rate of decrease in performance (i.e.. improved lapse 
rate) with increasing velocity. 

6.3.7.3  Inlet Flow Model 

Secondary air entering the ejector to mix with the primary flow must pass through either the 
area between the outer tubes. A.s, oi the annular area, AA dig. 89). 

An effective inlet area can be defined by assigning discharge coefficients to the two geometric 
tlow areas 

0 
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Figure SS.-Ejector Inlet Area AA and As 
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t Atff - (DsAs + < I)AAA. 

WIKTC:      AC|(     is the clYcctivc ejector inlet are;i. 

('I)S     is the discharge coelTicient of the How passing between the outer row 
tubes. 

(■|)A     is the discharge coetlicient ol the minimum annular area between the 
outer row tubes and the ejector lip. 

The present investigation did not measure secondary mass How rate and thus, does not 
qUMtify the values of CDJ and (■|)A. On the other hand, the results and analysis presented 
in this chapter give a qualitative understanding of the relative importance of C)>S and Ci)*. 

lor a fixed primary geometry, constant primary gas conditions, ami constant ejector area 
ratio and length, a given primary nozzle tends to entrain a constant amount of secondary 
air; thus, any changes in the secondary air handling must be due to ejector inlet losses. 

Experimental results suggest a flow field as shown in fiuure 90. 

• Recirculation 
tegion 

0 
Figure 90.—Schematic for Suppressor/Ejector Inlet Flow Field 
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A large recirculation region exists att of tlie hase plate.  The jets exiting the central tubes 
entrain air from the leeireulation region, which must he replaced hy air having a radial com- 
ponent, crossing As. The remainder of the secondary air goes directly into the ejector 
through AA and a small portion of As.  Statically, as the annulus area. AA is reduced by 
decreasing setback (constant suppressor ami ejector geometry and gas conditions), the 
velocity of" the secondary mass How must increase, resulting in a static pressure depressioi; 
at the outside ot the recirculating region.   I he demand tor mass How into the recirculating 
region remains similar because the suppressor jels tend to entrain a quantity of" mixing air 
that is independent of the inlet size.   The pressure near the outside of the baseplate pro- 
duced by the velocity of the air entering the elector produces large changes in the base pres- 
sure and hence the level of drag.   Using setback as a technkiue to increase the annular inlet 
to the ejector and lower the velocity of the inlet air results in a substantial reduction in bast- 
drag. 

I he drag on the flat baseplate linearly increases with freestream velocity for configurations 
tested. The dominant effect of the ejector on base drag is to increase base drag. As forward 
(freestream) velocity increases, the momentum of the secondary air resists turning to enter 
the recirculating region between the tubes near the baseplate. The related reduction in 
pressure on the boundary of the recirculating region results in an increased drag with veloc- 
ity.   If the (inantity of air entrained from the recirculating region were dependent upon the 
inlet area, then the slope of the base drag curve would be dependent on inlet area.  How- 
ever, this is not the case. The slope of drag increase with velocity is independent of ejector 
si/.e or inlet area. (There is a second order effect of an additional increase in base drag due 
to increasing ejector area ratio).  The fact that the increase in drag is also small compared 
to the value of the static drag implies that a relatively small percentage of the secondary air 
passes into the recirculating region,   For the configurations investigated this requires that 
CDp be small compared to ('i)A. 

Over the range of variables investigated, changes in inlet geometry produce large variations 
in surface pressure forces while creating relatively small variations in secondary mass flow. 
Asa result, changes in perfurmance level are large in comparison to changes in lapse rate. 

6.3.7.4  Inlet Geometry 

Reference 2 shows that ejector setback is a useful mechanism to provide optimum perform- 
ance through the tradeoff between base drag and lip suction. 

For "tight" ejectors (FAR/NAR * I ), the annular secondary flow area AA is inherently 
small, and setback must be used to optimize the performance.  Figures 91 and 93 show the 
increase in performance due to increasing the inlet area with setback for two configurations 
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Figure 91.-Effect of Setback and Velocity on Performance (Other Parameters Constant) 
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Figure 92.—Variation of Performance as a Function of Setback and Velocity for the 
37 Tube. NAR-3.3 Close-Packed Array With EAR = 3.1 (EAR/NAR ■ 0.94} 
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Figure 93.~Performance as a Function of Setback and Velocity for a 61 Tube 
NAR-3.3 Suppressor With EAR =3.1 Ejector (EAR/NAR - 0.94') 
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»Note dial hAK/NAR < 1 docs not imply jet scrubbing. (Sec sec. 3.3.3.) 
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witli I AR/NAR = 0.94,* The performance gain due to setback becomes increasingly 
favorable as velocity increases. At all velocities the tight ejectors require a setback greater 
than 0.25 (SI/DM) to produce optimum performance. 

figure (>4 shows the effect of using setback to increase the inlet area on a hAR/NAR = 1.12 
configuration. The annulus A^ is inherently larger than on the tight ejectors. Therefore, the 
improvement in performance with setback is less. The performance level improves and the 
lapse rate is less for the setback conliguration. figure 93 shows another t;AR/NAR = 1.12 
ejector. Though the ejector length was too short (sec. 6.3.7.5) to provide enough mixing, 
the lapse rate was still less for the setback case. 

3 

When I-AR/NAR is large, the peak static performance is obtained with zero setback be- 
cause the annular inlet area. AA, is sufficiently large to provide the amount of secondary 
air necessary to mix with the primary jets. Increasing setback statically reduces the inlet 
velocity, and hence the lip suction, while the base drag remains nearly constant. Figure 96 
demonstrates the effect of setback on an HAR/NAR ■ 1,34 configuration. Again, the 
lapse rate is less for the setback case, resulting in a performance crossover where the setback 
case outperforms the no-setback at velocities above I 20 kn. 

In all cases investigated, the lapse rate was less than the lapse rate at smaller setbacks. 
1 herelore, setback, unlike ejector area ratio ami length, provides a mechanism for optimiz- 
ing performance without increasing the lapse rate. The effect of setback on lapse rate 
should be viewed as "fine tuning" because the changes in lapse rate with setback are second 
order compared to the changes in performance level. These characteristics are consistent 
with the flow model that suggests that geometry changes produce much larger changes in 
the surface pressure forces than in the lapse rale due to secondary air handling. 

Though changes in lapse rate due to setback are relatively small, the experimental results 
suggest a behavior of performance versus setback and velocity as shown in figure 97. 

Notice that the percentage of performance decrease due to increasing velocity (lapse rate) 
is less as setback increases, from the above behavior and that shown in figure 91 an impor- 
tant performance consideration is evident. The optimum ejector setback allows both high 
static performance and minimum ram drag penalty. The setback should be optimized at 
the takeoff condition. This will automatically minimize lapse rate and still produce nearly 
optimum static performance. (The setback will be slightly larger than optimum for static 
performance.) 
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Figure 97.- Cfg Versus Setback Showing Optimum Setback is a Function of Velocity 
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6.3.7.5  Ejecior Length and Area Ratio 

The ejector length required to produce peak static thrust is a l unction ot suppressor element 
s./.e and the rat.o of the ejector to suppressor area ratios (EAR/NAR). One-dimensional 
ejector How analysis (ref. 6) demonstrates that, for constant primary gas conditions, the 
secondary mass now rate increases as ejector area ratio increases. (The analysis assumes 
suthcient ejector length is available for mixing and does not treat the effect o   length ) 

) 

»WMimillOHllWlimii»' 



c 

I he pi-.ik porlortnance ofjny supprcssor/cKutor sysfi-m occurs when the ejector lenjilh is 
sullicient to provide optimal mmtigolthe primary jets with the secoiulary Mow.   Ijrue 
local iK-aks in the velocity profile can still he prcwiii. hut their value must he slightly less 

than the primary core velocity.  It the length increases suhstantially heyoml this, the reduc- 
tion in elleclive area due to boundary layer growth and drag due to increased wetted area 
reduces the system perlormance.   I he individual element si/e atlecls the length required m 

mix out the primary core.  As the numher of primary BOSde tuhes is increased, the amount 

ol primary jet perimeter availahle to induce mixing increases and the ejector length re- 
(|iiired loi maximum secondary air handling decreases,  lor the imiltiluhe suppressor the 

required length is conveniently noiulimensionali/ed hy the individual tuhe diameter.   I In- 

jet core mixes out in nominally twelve lenglh-to-individual-jet diameters (ret. 5 ).  Aircralt 

constraints required an elector ol l.| '|)a|   -  2.0.  This ejector length requires .U equal- 

area tiilH-s to jirovide I 2 individual jet diameters within the l.| '|)C(|  ■  2 ejector.  As the 
distance helween the outer jets and the ejector wall hecomes greater (i.e., as l-AR/NAK 

incivasesi the required ejector length increases to provide enough distance for the mixing 

to extend across the ejector. When the ejector length is less than required tor optimum 

entrainment. the secondary air decreases, resulting in lower lip suction and, hence, lower 
static perlormance. 

For short ejectors, which entrain less llian the maximum amount ol secondary air, the de- 

crease m secondary mass flow results in less ram drag penalty.   Ihus, the shorter the ejector 
(< I 2 individual jet diame.ers), the lower the static perlormance and the smaller the lanse 
rate with velocity.  This results in a crossover velocity for performance of any suppressor 

ejector with ejector length as the only variahle.  A performance envelope can he estahiished 
where the highest static performance and maximun  lapse rate are provided hy the ejector 
ol sufficient length to estahlish mixing across the ejector.   I he lowest lapse rate will he 

estahiished hy the no-ejector case.   I he static performance and ram drag penalties due to 
too short an ejector are much more severe than those for too long an ejector.   I igure OK 

dramatically illustrates these- effects. The LßJDtq  ■  2 ejector is I 2 individual jet diameters 
long for the 37-tuhe suppressor. The ejector area ratio is held constan? at 3.7.  The figure 

shows that the NAR-2.75 suppressor with the short I B/Dfe.  ■  2.Ü ejector does not provide 
sullicient mixing hngth.  The larger area ratio suppressor, NAR-3.3, mixes oui sooner and 

the decreased distance to the ejector wall decrease, the length required for the primary How 
to spread to fill the ejector.  This revalts in greater secondary air handling and, in turn, a 

sleeper lapse rate.   I he air handling of the I AK-.V7 ejector can he suhstantially increased 
by using a long ejector. The figure shows a 4    increase in static thrust clue to the larger 
ejector on the NAR-2.'75 suppressor. 

However, the increased air handling also increases the ram drag penalty and skin friction 

drag to the point where, above I 20 kn, the shorter ejector performs better. This crossover 
velocity and the trade hetween static performance and hpm rate must he kept in mind 
when designing a suppressor/ejector for takeoff. 

6.3.8 TI MPI RATURi: EFFhCTS ON PFRFORMANCF 

• Base drag and lip suction hoth decrease with increasing jet temperature. 

• The temperature effect is more pronounced on lip suction than it is on base drag 
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Figure 98—Effect of NAR and Ejector Length on Performance With Forward Velocity 
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I IK- obscrml decrease in Up suction implies a Jccreuse in sectulary air hamllmt- thus the 
ran. dn| penalty d.e., decrease in lip suction with increasing velocity) decreases as iet te.n- 
pentwe increases.  J igure 99 shows this to l>; the case,  Statically, the lip suction at ! I SO'f 
is 3.3 ' ■ less than the amhienl value (or the conCiguration shown.  Increasmn velocity pro- 
duces a decrease m lip suction lor both cases.  Since the ram drag is less lor the hot How 
its rate ol decrease || less. The dillerence in rate is small compared to the static dillerence 
HI level: hence, the velocity required to gel the same lip suction Irom the hot and cold cases 
would be nearly 300 kn lor tins configuration.  Temperature effect« on internal pertormance 
arc covered by reference I ■wnwi« 

Relerences I and 2 detail the decrease in base drag due to elevated temperature lor static 
ivrlormance.   I he conliguralions tested at 1 I 50 I- to establish the ellects of forward veloc- 
ity on base drag showed that the base drag is slightly less at I I50*F jet temperature than 
.imb.ent at all velocities.  Insufficient data were taken to quantify the amount except to 
notice that the ratio ot change of drag with velocity was approximately the same for hot 
and cold conliguralions. Thus, a first order approximation would suggest that the static 
reduction m base drag due to hot primary flow be used as the quantity of reduction at all 
velocities.   In this manner an approximate value can be obtained by using the hot to cold 
changes statically Irom reference 2 and the rate of change of drag with velocity from the 
appendix ol reference 10. 

Unfortunately, lip suction is not as well understood as base drag.  1 xcept for the general 
statements about lip suction made in this section, the present investigation can only con- 
clude that future testing must be done at the desired temperature. Performance data ac- 
quired at elevated temperatures have traditionally been much less accurate than ambient 
temperature data.   I he present program was successful in ohlaining I I 50oF primary flow 
data statically. The limited wind-on data suggests a need for substantial development prior 
to luture wind tunnel performance tests to insure the correct temperature profiles and data 
levels and repeatahility. 
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Figure 99.-Lip Suction as a Function of Forward Velocity for Ambient 
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7.0 CONCLUSIONS AND RECOMMENDATIONS 

sNsU'n, of i supersonic oommercial .uün.,,. „I.   s r o ' o r    ^ "' thC CXhal,S, 

tors should be usal hul rather to d«fin • .h . '' ■"««■»n ^"J «^O- 

them wmun ^Sfiica^lT. ^,,mC,ry '^"'^ to ^ rlM ^ »" l"- 

-nvcr,ent tuhes .s rcconu.c.u.cd. Tho n„l" ,r ^ ^ ^7;,:"   S««1 

*-«•« -« i 1ÄKli„.,i:;;r:::r;;;" jr-"1"""" "- 

The effective ejector inlet ah' AK/NAR ratu. and the ejector setback, 
suction and In. edrau   lie   de    re . u" t**™***** *** tr^l^'"' between Up 
the cector tlu, J   to       1 ^ "^ r?"' '• L^f^1? air ^""^ Sl"—' ^ 
portionate |vr(t>rn1a ^      ^   H^ s       ^ ««•WBtiet. ejector vibration, and dispro- 

r:^:;;:;: t;r i^:";;;;:; ■""'" ^ -—«;l and EAR* ^ ■-LVT-^^«««««»wior/^ectof lyiteiiiiiwwt^ted.EAR/NA»^ i ) 
■ AK     3. | are recommended as provulin, .he best tradeolfs. Very little se.b^k wo'dd 
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be needed for such a ^nfij-urution, and the se.haek could he used to 'Mine tune" the 
system over the velocity range. 'inc tune   nit 

Il.o use or a ra.np to avoid a separation reg.on between the baseplate and the nacelle outer 
atmet« .s recommended hut the shape of ramp .s ummportant 

equijHnen., should he opened along the sector to      c ^ Z^^U^T 

-n,n. down the mum,, and hence reducm, the amount J^Z^Z^T ^ 

The majority ot this mvestigatu.n was conducted w,,!, amb.ont M temperatures   The effects 

ololeva ed jet temperatures on the rate of change of afterbody dng w th velo   ty aonea s 
mmuna       .p suction and secondary air handlmg appear to decreas^ s.        ^     ^'h^city 

m the jet te.nperaturc mcreases (lor a fixed geometry and pressure ratio)   The amount o^ 

decreases not well understood except to alfirm that lapse rate lu.on es less as     iZv 
empcrature .ncreases.  Future testing must he done at the des.red tempe a u    ' P r oLance 

;:';;;;: i:;
,crr

tcmra,iires ,,avc ir;,d,tio,u,,,y ^ ^ ■- -urJ^ZL icmpiraturc data.   I he present program was successlul in ohtamini! I ISn0F nrinv.™ n        . J 
^ny: n, »«tod wlniK)n Ja,u „„^ . „„, ,„, Sl,hs ill,,,,' „ t" da,a 

XäST ""lür,"ü"a• "* -,i"- • a —■— ssrjjis^ 
More ellort is also needed to quant.ty the eltective inlet are.-.    EnOUÖJ daf. is nrovi.WI M 

oh     rSÜÜÄ ,hC PrinCiPal "^ arCa a,,'1Cars to •-■ «« OUtef annulus it i   not 
iwss.hle to nondimen^onali/e or generali/fe the required sue. 
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